A B S T R AC T
Background. Acute kidney injury (AKI) is a serious complication of major noncardiac surgery. Risk prediction models for AKI following noncardiac surgery may be useful for identifying high-risk patients to target with prevention strategies. Methods. We conducted a systematic review of risk prediction models for AKI following major noncardiac surgery. MED-LINE, EMBASE, BIOSIS Previews and Web of Science were searched for articles that (i) developed or validated a prediction model for AKI following major noncardiac surgery or (ii) assessed the impact of a model for predicting AKI following major noncardiac surgery that has been implemented in a clinical setting. Results. We identified seven models from six articles that described a risk prediction model for AKI following major noncardiac surgeries. Three studies developed prediction models for AKI requiring renal replacement therapy following liver transplantation, three derived prediction models for AKI based on the Risk, Injury, Failure, Loss of kidney function, End-stage kidney disease (RIFLE) criteria following liver resection and one study developed a prediction model for AKI following major noncardiac surgical procedures. The final models included between 4 and 11 independent variables, and c-statistics ranged from 0.79 to 0.90. None of the models were externally validated. Conclusions. Risk prediction models for AKI after major noncardiac surgery are available; however, these models lack validation, studies of clinical implementation and impact analyses. Further research is needed to develop, validate and study the clinical impact of such models before broad clinical uptake.
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I N T R O D U C T I O N
Acute kidney injury (AKI) is characterized by a rapid decrease in renal function and is associated with poor outcomes including prolonged hospitalization, chronic kidney disease and death [1] . Up to 40% of hospital-acquired AKI occurs in the perioperative setting [2] .
A substantial amount of research has been devoted to predicting AKI following cardiac surgery, a procedure carrying a very high risk of AKI in part because of cardiopulmonary bypass. A recent systematic review found seven risk prediction models for AKI following cardiac surgery, four of which have each been externally validated in more than one independent cohort [3] . However, the prediction of AKI following major noncardiac surgeries has received much less attention [4, 5] , despite the fact that the incidence of AKI ranges from 7 to 30%. The development of risk prediction models for AKI in such settings was listed as a research recommendation in the KDIGO clinical practice guidelines for AKI and would be relevant to patients, clinicians, guideline developers and decision makers. Models could be used to risk stratify patients in order to develop avoidance, preventative or early treatment approaches.
A number of steps are required to establish the role of a risk prediction model in clinical practice. The model should be developed in a cohort of patients at risk of a specific health outcome. Model performance can be measured in the cohort in which it is developed (internal validation) but should also be tested in a different, independent cohort (external validation) to confirm the model's predictive ability and generalizability. The model is then implemented in clinical practice, and impact analysis is performed to assess its impact on decision-making behavior and patient outcomes [6] [7] [8] .
We performed a systematic review to identify existing models for predicting the risk of AKI following major noncardiac surgery and to characterize the extent of their derivation, validation, implementation and impact assessment.
M AT E R I A L S A N D M E T H O D S
This systematic review was conducted following a prespecified protocol, and reported according to the recommendations of the MOOSE statement [9] .
Search strategy
Our search strategy was developed in consultation with a research librarian (Diane Lorenzetti). We searched Ovid MED-LINE, EMBASE, BIOSIS Previews and Web of Science from their inception dates to 30 June 2014 without any restrictions using three search themes: 'surgery', 'acute kidney injury' and 'prediction model', and adapted specific Medical Subject Heading (MeSH) terms, keywords and wildcards for each database (Table 1) . We manually reviewed bibliographies of included studies and other potentially relevant citations identified during the conduct of the search and review of AKI clinical guidelines [3, 10, 11] .
Selection criteria Inclusion. Two independent reviewers screened all titles and abstracts identified by the search strategy. Abstracts identified as potentially relevant by either reviewer were subsequently read in full. Full-text articles were included if they (i) developed a prediction model for predicting AKI following major noncardiac surgery, (ii) validated an established model for predicting AKI following major noncardiac surgery or (iii) assessed the impact of a model for predicting AKI following major noncardiac surgery that was implemented in a clinical setting. We defined an AKI risk prediction model as one combining two or more predictive factors to obtain estimates of predicted risk for developing AKI. We considered any clinical-or laboratorybased definition of AKI.
Exclusion. We excluded studies predicting a composite outcome of postoperative morbidity, where AKI was included as a component morbid outcome, and studies reporting only singular associations between pre-, intra-and postoperative factors and AKI. In addition, studies predicting AKI following cardiac surgery or nephrectomy were excluded. Disagreements were resolved through discussion.
Data extraction
Two reviewers independently extracted data for each included study using a predesigned data extraction form. Extracted data included study setting, derivation and validation cohort descriptions, modeling approach, validation method, model performance statistics and form of final prediction tool. In addition, details related to external validation were extracted when included as part of an initial or subsequent publication.
Model performance
Our evaluation of internal model validity focused on model development and performance. We recorded information on model performance assessed by discrimination and calibration or by a combined measure (e.g. a pseudo R 2 measure). We defined discrimination as any assessment of the ability of the model to differentiate between those subjects who will develop AKI from those who will not, including area under the receiver operating characteristic curve (AUC/c-statistic) or the model's sensitivity and specificity. We defined evaluation of calibration as any report of agreement between predicted probabilities and observed probabilities, including goodness-of-fit tests [e.g. Hosmer-Lemeshow (HL) test], tabular or graphical comparisons of predicted versus observed values within groupings of predicted risk or calibration plots [8, [12] [13] [14] .
Model implementation and impact evaluation
We searched for publications reporting implementation or evaluation of the impact of AKI risk prediction models implemented in a clinical setting. Data of interest included study design, impact on physician decision-making behavior, patient outcomes and/or cost of care [7] . [15] . The TRIPOD statement is a set of recommendations for reporting studies that develop, validate or update prediction models. As there is no standardized quality assessment tool for impact analysis studies of risk prediction models, quality criteria were adapted from published articles that have addressed prediction model validity based on the phases of clinical implementation and impact analysis [6, 7, 13, 16, 17] .
R E S U LT S
Our search identified 706 potentially relevant abstracts of which 82 studies were assessed for full-text review ( Figure 1 ). Of these, six articles describing seven risk prediction models for AKI following major noncardiac surgery met our inclusion criteria. The nature of the surgical procedures and definitions for AKI varied between these studies. One study developed a prediction model to ascertain progressive renal insufficiency or AKI requiring dialysis following several major noncardiovascular surgical procedures [5] . Three studies developed three different prediction models for AKI requiring continuous renal replacement therapy or intermittent hemodialysis following liver transplantation [18] [19] [20] . A fifth study developed two separate preoperative prediction models for AKI, based on the RIFLE criteria following liver resection. Finally, a sixth subsequent study expanded upon one of these models further to include pre-and intraoperative risk factors [21, 22] . We did not identify any reports of models currently in development. A comparative summary of the included AKI risk factors is found in Table 2 . A summary of their methodological quality is provided in Figure 2 .
General surgery
One study developed a risk index for predicting AKI in 75 952 patients registered in the multicenter American College of Surgeons-National Surgical Quality Improvement Program participant use data file [5] . Procedures requiring epidural, spinal or general anesthesia were included, but vascular,
Flow of articles through the systematic review process using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram.
O R I G I N A L A R T I C L E
A K I r i s k p r e d i c t i o n m o d e l s : s y s t e m a t i c r e v i e w cardiac, urology, ophthalmology, podiatry or obstetric procedures were excluded. AKI was defined as postoperative increase in creatinine of >2 mg/dL (177 mmol/L) or the need for dialysis within 30 days of operation. This outcome occurred in 1% of the cohort. Eleven preoperative risk factors were selected using backwards elimination with a 5% level of significance, from which a risk index was developed to classify patients into one of five risk categories (Table 3) .
The majority of quality items were addressed in the model development, including discussion for handling missing data. However, a description of the rationale for predictive variables assessed for inclusion in the risk model was not provided. Discrimination of the risk index in the development and internal validation datasets was reported with a c-statistic of 0.8 for both.
Calibration of the risk index was not reported and the index was not externally validated (Table 4) .
Liver transplantation
Three studies developed risk prediction models for AKI following liver transplant, each using data from a single center [18] [19] [20] . The outcome of interest in all three studies was AKI requiring renal replacement therapy. However, the postoperative observation period for development of AKI varied from 1 week [18] , 28 days [20] or was not indicated [19] . Development cohort sizes for the studies conducted by Kim et al. and Rueggeberg et al. consisted of 157 patients with a 27% incidence of the outcome and 71 patients with an 18% incidence of the outcome, respectively. Sanchez et al. used a development cohort with 724 patients and a 12% incidence of the outcome. To internally validate the model, Kim The majority of the quality measures were met by the three studies. However, the study by Kim et al. was the only one of these three studies to provide a description of the rationale for including predictive variables and none of the studies discussed handling missing data. In addition, cut points for dichotomizing the continuous variables for Sanchez et al.'s final model were derived from the dataset and not set a priori. The number of events per variable was <10 for the studies conducted by Kim et al. and Rueggeberg et al., and none of the three models was validated externally.
Liver resection
In 2009, Slankamenac et al. reported the development of a preoperative prediction score for identifying patients at risk of AKI following any type of liver resection using prospectively collected data [21] . In 2013, they further analyzed their risk prediction models to include intraoperative variables [22] . The total sample size was 569 patients, with a 15% overall incidence of AKI, where AKI was defined using the RIFLE criteria.
Initially, in 2009, two risk prediction models were developed from the dataset: a full model consisting of seven preoperative variables and a model restricted to four preoperative variables. The intent of the reduced model was to create a prediction score that could be easily applied in clinical practice. Bootstrapping methods were used for variable selection and a shrinkage factor was applied to the regression coefficients to reduce the risk of overestimation of associations. Discrimination was only reported for the development sample. Calibration was reported for the validation datasets using the HL goodness-of-fit test with P-values of 0.98 for the full model and 0.75 for the reduced model. Both the full and reduced models were converted into point-based risk scores, allowing for differentiation in risk of patients undergoing liver resection.
Using the same dataset, but excluding 20 patients with incomplete intraoperative data, the authors took the risk score from the original reduced model, and using a bootstrap methodology, selected the strongest three intraoperative predictors to be included in a new risk prediction model. Five-fold crossvalidation was used to internally validate the model, which had a c-statistic of 0.79, higher than the original prediction score. Calibration, based on the HL goodness-of-fit test, was similar between the two models, with no statistically significant differences seen between the observed and predicted risk over five Stepwise logistic regression (P < 0.05)
O R I G I N A L A R T I C L E
Stepwise logistic regression (P < 0.05) risk categories. The new model was converted to a risk-scoring tool ranging from 0 to 64 points corresponding to a predicted risk of AKI ranging from 3.5 to 95%. The initial publication did not report the extent of any missing data for the predictive factors. However, in the 2013 publication, only a complete case analysis was performed and 20 patients (3.5%) were excluded with missing intraoperative data. Neither model was externally validated.
D I S C U S S I O N
Our systematic review of risk prediction models for AKI following noncardiac surgery identified seven models from six studies. These included one model using preoperative risk factors to predict AKI risk following general surgery [5] , three models derived for predicting AKI requiring dialysis following liver transplantation based on pre-, intra-and postoperative risk factors [18] [19] [20] and three models for risk prediction of AKI, defined by the RIFLE criteria following liver resection, two using preoperative [21] and one using pre-and intraoperative factors [22] . All the models underwent some degree of internal validation, although only four of the six studies reported model calibration. None of the models was externally validated, and we found no reports of implementation strategies or analyses of the impact of the use of these models in a clinical setting.
Our systematic review identified several limitations in derivation of all published models for prediction of AKI following major noncardiac surgery. Only one of the seven models used data from a multicenter cohort. Data from a single center may be limited in sample size and not representative of larger populations, which may lead to poor performance of the models in other cohorts [8] . Although five of seven models included an index of preoperative renal function or measures of perioperative fluid status, there was substantial variability across models in the other variables included as candidate predictors. From over 30 predictive risk factors identified across the seven final models, no single factor was used consistently in more than one study (Table 4) . Only three of six models reported the rationale for selection of candidate variables for model development, suggesting that model development has been primarily data driven with little or no prespecification of known clinically important risk factors [12] for perioperative AKI. Six of the seven models used statistical approaches of forward selection or backward elimination for variable selection. However, only two of these selected risk factors using bootstrap resampling [21, 22] . Simulation studies have shown wide variability in models selected from a list of candidate predictors using stepwise regression techniques. Bootstrap resampling for predictor selection allows model developers to account for this variability as the final candidate predictors are those risk factors selected in a prespecified majority of bootstrap samples [23] . Only one model was developed using a full model approach [21] . Furthermore, all but one model [18] dichotomized or categorized continuous variables, which may result in a loss of predictive information. The rationale for the selection of cut points for continuous variables was not reported in three studies [20] [21] [22] . One study reported dichotomization of continuous variables so as to maximize sensitivity and specificity [5] , while another study reported development of cut points for each predictive variable based on maximizing the goodness of fit of the model [19] . This suggests that the model was developed to optimize the cut points in the derivation cohort, which may result in overfitting and the development of final models that do not perform well in other cohorts, and are thus less generalizable for use in other settings [24] . For several models, derivation was performed in cohorts with small sample sizes, and included fewer than 10 events per predictive variable. A minimum of 10 events per variable has been suggested as a rule of thumb to limit the risk of model overfitting [12] . Our systematic review also identified several limitations in the validation of published AKI risk models. Although all studies reported very good discrimination, these measures of model validity were reported from internal validation cohorts sampled from the same cohort or the same center as the derivation sample, which may show overly optimistic performance. Internal validation was performed in a random split of the dataset from two cohorts [5, 21] , which is a comparatively weak method for validation because, other than chance variation, the development and validation datasets will be largely alike. Bootstrapping and cross-validation techniques were used for validation of two of the published models [18, 22] , which are preferable. These techniques are more efficient than split sample methods because they make use of the entire cohort for model development, and are less vulnerable to overfitting [25] . Good calibration was reported for five of the published models [18, [20] [21] [22] ; however, no measures of model calibration were reported in the other two studies [5, 19] . Independent of discrimination, calibration is also an important measure of the validity of risk prediction models because obtaining close agreement between absolute values of the predicted and observed probability of developing AKI is an important characteristic of models for communicating risk to patients and care providers. Finally, we found no studies externally validating these risk prediction models in other cohorts, limiting the generalizability of these models in different centers [26] . Our systematic review highlights the need for further work to derive and validate accurate and robust risk prediction models for AKI following major noncardiac surgery. The model developed by Kheterpal et al. [5] could serve as a starting point for such work. This model was derived in a very large multicenter cohort based on commonly available preoperative variables; however, further refinements are required to make this model suitable for broad uptake. It was derived to predict AKI defined as postoperative increase in creatinine of >2 mg/dL (177 mmol/ L) or the need for dialysis within 30 days of operation, which differs from the most recent KDIGO AKI guideline consensus definition for AKI [27] . Furthermore, collaborative research efforts between investigators from different centers to standardize measurements and allow model validation in external cohorts to confirm generalizability of predictive ability is required.
Recently, narrative reviews and clinical practice guidelines for AKI have recommended preoperative AKI risk assessment and risk stratification approaches for AKI based on susceptibilities and exposures [27, 28] . However, limitations in the derivation and validation, and absence of impact assessment of published risk prediction models for AKI after major noncardiac surgery suggest that it is premature to recommend use of these models for these purposes. Future models for prediction of AKI after major noncardiac surgery are most likely to be clinically useful if they focus on patient-specific factors that are routinely available preoperatively as well as procedural information including the nature of the planned surgery. This could facilitate communication of risk in the process of obtaining informed consent from patients prior to surgery, and help clinicians recognize AKI risk prior to surgery, thereby providing opportunities to intervene in the pre-and intraoperative period. The use of intraoperative risk factors in some of the existing published models currently limits their clinical usefulness for preoperative risk assessment and for instigating preoperative strategies for reducing the risk of AKI. However, such models may have a role for risk stratification and management of patients in the postoperative setting. Modifiable clinical practices that may reduce the risk of perioperative AKI include reducing exposure to medications that lower kidney function and ensuring adequate hydration and hemodynamic status. However, as the strength of the evidence base for these practices is currently limited, future research on implementation of perioperative AKI prediction models should evaluate the impact on both processes of care as well as the incidence and severity of AKI.
In conclusion, our findings demonstrate several limitations of existing risk prediction models for AKI after major noncardiac surgery, suggesting that it is not yet appropriate to recommend uptake of these tools in clinical practice. Further research is needed to develop accurate models for prediction of AKI according to consensus AKI definitions, demonstrate their validity across multiple surgical cohorts and assess the clinical impact of AKI risk prediction models on processes of care and outcomes following major noncardiac surgeries.
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